Guided-wave photonics for narrowband polarization entanglement 
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We report on a general entangling scheme, based on a birefringent delay line, capable of creating 
any pure polarization entangled state. We apply this scheme to a two-photon source built around a 
high efficiency type-0 non-linear integrated waveguide producing telecom photon pairs. The use of 
a phase-shifted fiber Bragg grating filter having a bandwidth as narrow as 540 MHz, and additional 
standard telecommunication components permits achieving a near-perfect entanglement quality as- 
sociated with a very high brightness, comparable to that of time-bin sources. Such a scheme and 
source could be used in quantum information applications requiring narrowband photons, especially 
those involving the manipulation of entanglement via quantum memories and repeaters. 

PACS numbers: 03.67.-a, 03.67.Bg, 03.67.Hk, 42.50.Dv, 42.65.Lm, 42.65.Wi 



Entairglement exhibits strong correlations that cannot 
be described using classical means. Besides being at the 
heart of fundamental tests of quantum physics, these 
non-local correlations have been identified to be a key 
resource for modern quantum information protocols 
In the field of entanglement-based quantum communica- 
tion, we now find a variety of network enabling protocols, 
ranging from the basics of quantum key distribution Q to 
quantum relays [S] and repeaters [4] . In principle, entan- 
glement carriers and associated quantum observables do 
not matter in those protocols. Photons and ions or atoms 
are now widely recognized as preferred carriers when the 
tasks concern the distribution over some distance [5] and 
the storage [6] of quantum information (so-called qubits) , 
respectively. From the general perspective, manipulat- 
ing qubits is achieved using various technologies and sys- 
tems, such as integrated photonic circuits Ml, ion and 
atom traps [1, 01, or Josephson junctions flu|. The fu- 
ture of quantum information science probably lies in the 
coupling some of those technologies. 

As in classical communication, the existence of low- loss 
optical fibers and reliable components based on guided- 
wave technologies makes it possible to generate and dis- 
tribute photonic entanglement in the telecom C-band 
of wavelengths (1530 - 1565 nm). Well utilized observ- 
ables are time-bin and polarization [1], the latter be- 
ing undoubtedly the easiest to analyze even for long 
distance distribution thanks to real time fiber birefriir- 
gence fluctuatioir compeirsation [ll|. Moreover heralded 
quantum memories are naturally designed for the polar- 
ization observable fl2|. Photonic entanglement can be 
easily produced using the nonlinear process of sponta- 
neous parametric down conversion (SPDC), in both bulk 
or waveguide crystals, possibly surrounded by an opti- 
cal cavity. In quantum networks, where telecom photons 
are used to distribute, and quantum memories to store, 
entanglemeirt Q, the photonic spectral bandwidth has 
to be matched with the spectral acceptairce of the em- 
ployed memories, which ranges, depending on the system, 
from a few MHz to a few GHz |6l|. Note that coherent 



wavelength adaptation betweeir 'flying' and 'stationary' 
qubits, in and out of the memories, cair be easily provided 
by means of efficient frequency conversion systems, using 
either non- linear optics [7| or cold atoms |13j. 

As shown in TABLE H although SPDC based narrow- 
band polarization entangled photon-pair sources already 
exist, using either hig h finesse cavity optical parametric 
oscillators (OPO) [l4|,|l5| or single pass bulk crystals [l^ , 
time-bin like solutions provided, up to now, much better 
ease of use and normalized brightnesses thanks to waveg- 



uide configurations |17l . Il8| . Research on quantum dots 
has shown, iir priirciple, the feasibility of on-demand po- 
larization entanglement sources, associated however with 
non-perfect quantum state coherence due to environmen- 
tal influences [l9|. The approach based on alkaline cold 
atomic eirsembles has shown polarization entairglement 
combined with good brightnesses and ultra narrowband 
photons, at the price of a large equipment [l3, 2^, 21 1. 

In this paper, we report a practical and reliable guided- 
wave scheme for eirgineering narrowband polarization en- 
tangled states. Our approach, inspired by Ref. 12^ , takes 
advantage of a fibered birefringent delay line (BDL) that 
acts on paired photons regardless of their initial, but 
known, polarization state. In our configuration, playing 
with the BDL length and the input state makes it possible 
manipulating photons as narrow as few tens of MHz and 
producing, at will, any of the four Bell states as well as 
non- maximally entangled states 23, 23|- We apply this 
scheme to a high-brilliance, narrowband (540 MHz), tele- 
com photon-pair source and demonstrate a near-perfect 
quality entanglement, making our approach a promising 
candidate for future quantum networks. In the following, 
we first introduce the BDL scheme. Then we depict our 
source built around a periodically poled lithium iriobate 
waveguide (PPLN/W) followed by a fiber Bragg grating 
filter. Eventually, we describe the performed quantum 
state analysis and associated results. 

The essential idea is depicted in FIG. [1] where we 
take advantage of a BDL in order to separate tempo- 
rally the H and V polarization modes of an incident 
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FIG. 1. Principle of the birefringent delay line. An incoming 
pair of photons is projected on four possible outcomes labeled 
a to d. Selecting only pairs of photons with zero relative time 
delay (a and b) projects the quantum state onto a superposi- 
tion of \H)-^\H)2 and |1^)i|V^)2- The frequency modes 1 and 
2 are indicated by their colors, red and blue, respectively. 
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FIG. 2. Schematic of the experimental setup. 



photon-pair by a time interval St. More generally, such 
a BDL can be made of a polarization maintaining fiber 
(PMF) loop connecting two of the adjacent ports of a 
polarizing beam-splitter (PBS). As a first example, con- 
sider at the BDL input a pure polarization two-qubit 
product state -^mi + \V)^) ® ^(|i?)2 + \V)^) = 
\D)-^\D)^. The subscript i denotes the two photons, that 
could for example differ in wavelength. After the BDL 
this state becomes |i/')out = 7f s)i + ^'''^'1^7 Oi) ® 
(\H, 3)2 + e"^2 1 V, 1)2) where s and I denote short and 
long temporal modes, respectively, separated by 6t with 
a relative phase difference 0^. Post selection of events 
belonging to the same temporal mode reduces this state 
to IV-post) = j^{\H,s),\H,s)2+e'^\VJ),\V,l)2), where 
= (/"i +02- As in time-bin realizations [l8| . dt should be 
much greater than both the coherence time of the paired 
photons and the detectors' timing jitter, to prevent tem- 
poral overlap between pairs projected onto parallel and 
cross polarizations (see FIG.[T|). Moreover, the incident 
pairs temporal incertitude has to be substantially greater 
than St to guarantee that the photons' arrival time can- 
not be associated with the polarization state. Provided 
these conditions are fuUfiUed, a maximally entangled 
state of the form \iP) = {\H)j^\H)2 + e"t'\V) j^lV)^) 
can be created, which is at the heart of most quan- 
tum communication applications. To show the power 
of this entanglement scheme, assume now the most gen- 
eral photonic two-qubit product state at the BDL in- 
put = (ai|ff)i+/3i|y)i) (8> {a2\H)2 + fi2\V)2), 

where \ai\ + \(3i\ — 1. In this case the post selec- 
tion procedure in combination with the timing require- 
ments described above, projects the state onto = 
a\H)^\H)2 + ^e*"^|y) JF)2, where a 



and P 



Vl"i"2p + |/3i/32|^ 

Consequently, this scheme is 



capable of creating any two photon polarization entan- 
gled state, expressed as superpositions of l^"*") and |<I>^) 
Bell states. This is made possible since the three param- 
eters a, /3, and are accessible experimentally, namely 



by controlling the input state and fine tuning of the de- 
lay line length. Furthermore, rotating the polarization 
of one of the two photons by 7r/2 after the BDL allows 
creating superpositions of and l^*^) Bell states. 

In FIG. [5] we show how we implement such a BDL when 
connected to a 4.5 cm long type-0 PPLN/W photon-pair 
generator pumped with 200 /iW from a 780 nm CW laser. 
The phase-matching condition to generate vertically po- 
larized pairs of photons, degenerate at 1560 nm, is ob- 
tained by setting the temperature of the PPLN/W to 
384 K. The natural emission bandwidth of ^3THz is re- 
duced by a phase-shifted fiber Bragg grating (FBG) fil- 
ter to 540 MHz, which is comparable to the absorption 
linewidth of some solid-state quantum memories [25|, [2^ . 
The peak transmission is — 2.4dB combined with a side- 
band rejection of —75 dB. The FBG is easy to implement, 
when compared to bulk optical cavities, since both fre- 
quency stability (< 1 MHz) and accurate tunability are 
achieved using basic temperature control. A fiber polar- 
ization controller (PCi) is used to adjust the pairs input 
polarization state so as to avoid fiber birefringence ef- 
fects and additional losses. Such a filter cannot directly 
be applied to polarization entangled photons, as bire- 
fringence would associate the polarization state with the 
wavelength observable, therefore reducing the entangle- 
ment purity. After the filter, polarization entanglement 
is created by the BDL, in front of which PC2 is used to 
control the input polarization state. This allows choos- 
ing the probability amplitudes a and /3 discussed above. 
For the following, we set |a| = \P\ = ^ tiy rotating the 
photons' polarization to the diagonal state (\D)-^\D)2)- 
In the BDL, we take advantage of a fibered configura- 
tion, comprising two fiber-PBS and a 18 m PMF loop, 
leading to a time delay 5t =76 ns. Here, 5t is much 
greater than both the cohereirce time of the 540 MHz 
paired photons (0.8 ns) and the detectors' timing jitter 
(^0.23 ns), preventing temporal overlap between pairs 
projected onto parallel and cross polarizations. Note that 
Gaussian and Lorentzian shaped bandwidths down to 
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FIG. 3. Temporal photon-pair correlations with (red) and 
without (black) the FBG. Three well separated coincidence 
peaks are observed, showing that the BDL is long enough to 
handle down to 23 MHz narrowband photons. 



~8 MHz and 23 MHz, respectively, can be handled with 
such a length of BDL, and could be further extended by 
increasing it. In SPDC processes, the creation time in- 
certitude of the pairs is directly related to the coherence 
time of the pump laser To ensure that the latter is 
longer than 5t, we stabilize the laser against a hyperfine 
transition in the D2 line of *^Rb, leading to a coherence 
time of around 2 /zs. This way, the which-path infor- 
mation is inaccessible, producing properly the entangled 
sUte\^) = ^{\H)\H)+e'^\V)\V)). 

To characterize the association of the narrowband 
photon- pair source and the BDL, we measure the time- 
dependent second-order intensity correlation function. A 
50/50 fiber beam splitter (BS) is used to distribute the 
pairs between Alice and Bob. Each side comprises an In- 
GaAs avalanche photodiode (APD) operated in free run- 
ning, and featuring 25% efficiency and 10~^/ns probabil- 
ity of dark count. A detection event at Alice's (Bob's) 
determines the start (stop) time of a coincidence mea- 
surement apparatus (&). As shown in FIG. [31 three well 
separated coincidence peaks are obtained with and with- 
out the filter. The two outer peaks at 6t — ±76 ns cor- 
respond to cross polarization contributions which have 
been split up temporally by the BDL, while the central 
peak corresponds to the \H)\H) and contributions 
to the desired entangled state. The central-to-side peak 
ratio of 2 proves that \a\ = \l3\ = l/\/2. Without the fil- 
ter, a sub-picosecond photon coherence time is expected, 
such that the 231 ps peak width is determined by the con- 
volution of the detectors' timing jitters. With the filter 
in place, the coherence time of our photons is increased, 
leading to a peak broadening of 803±27ps. This corre- 
sponds to a frequency bandwidth of 548±18MHz which 
is in good agreement with the 540±5 MHz of our filter. 

For further analysis, we consider only events in a 1 ns 
timing window centred around St = (see FIG. [3]), 
where we expect only parallel polarization state contribu- 
tions. To preserve the entanglement coherence, the rela- 
tive phase fluctuations between the two arms of the BDL 
need to be kept low. This is ensured by passive temper- 
ature stabilization on the BDL and a home-made active 
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FIG. 4. Entangled quantum state coherence control for 20 m 
(blue squares) and 4 km (red triangles) of fiber distribution, 
respectively. The visibilities and associated asymptotic stan- 
dard errors are estimated using sinusoidal fits (lines). 
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FIG. 5. Violation of the Bell inequalities for 20 m pair dis- 
tribution for the four standard measurement settings, i.e. 
\H}, \V}, \D), and \A), at Alice's place. 



feedback system comprising a reference laser and a piezo 
fiber stretcher (PZT). Our system reduces phase fluctu- 
ations to Acj) < 2 7r/100 on short and long time scales, 
giving rise to entanglement distortions of less than 0.5%. 
We now examine the quality of the entanglement pro- 
duced at the output of the full setup depicted in FIG. [2] 
For the state analysis, we use a Bell inequality type setup 
where Alice and Bob consist of a half wave plate (HWP) 
and a PBS, in addition to their APDs [2J]. The first mea- 
surement is meant to show both the control and further 
tuning of the phase 0, which is a necessary requirement to 
prove entanglement with such an analysis system. Alice 
and Bob fix their HWP at 22.5° to project the entangled 
state in the phase sensitive diagonal basis {D,A}. Tun- 
ing of (j) is achieved by changing the optical path length 
of the PMF loop with the PZT. As shown in FIG. H we 
obtain a sinusoidal modulation of the coincidence rate as 
a function of cj). When distributing the pairs over 20 m we 
obtain a raw (net) visibility of 99±1% (100±1%). To ob- 
tain the net visibility, accidental coincidence events due 
to the dark counts in the detectors are subtracted. The 
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TABLE I. Comparison of recent narrowband entangled photon-pair sources sorted by group, generator and arrangement types, 
observable, spectral bandwidth (Af), emitted wavelength (A), normalized brightness, and entanglement visibility {V). The 
brightness is calculated as proposed in Ref. jisi l, i.e., for entangled photons available after both the filtering procedure and 
single mode fiber coupling. '''^ 'NA' doesn't mean the photons are not entangled, but rather that the visibility is not provided. 



difference between raw and net visibilities is exception- 
ally low due to a signal-to-noise ratio (SNR) greater than 
100. We also made the same measurement for 4 km pair 
distribution using standard telecom fibers. We obtain 
96±2% (99±2%) raw (net) visibilities. The reduction 
in the raw visibility comes from additional propagation 
losses (- 1.2 dB) which affect the SNR only. Note that 
our source is capable of easily switching from the |$^) to 
the 1$^) Bell states via the PZT. We further prove en- 
tanglement via the analysis of the state |$~), obtained 
when (/) = TT in the BDL. In this case, the coincidence rate 
is measured for four standard analysis settings on Alice's 
side, i.e., \H), \V), \D), and \A), while Bob's HWP is ro- 
tated. For 20 m pair distribution, the obtained raw (net) 
visibilities are of 98±2% (99±2%) for all the four settings. 
The Bell parameter is computed to be 5* = 2.80 ± 0.02, 
leading to a violation of the Bell inequalities by more 
than 29 standard deviations. These high visibilities un- 
derline the excellent degree of entanglement and phase 
control achieved with the BDL. 

We have utilized a birefringent delay line capable of 
producing any two-photon polarization entangled state, 
suitable for handling bandwidth as narrow as several tens 
of MHz. We applied this scheme to a highly efficient 
photon-pair generator based on a PPLN/W followed by 
a 540 MHz filter. As shown in TABLE U we achieved a 
normalized source brightness among the highest ever re- 
ported for narrowband entangled photon pairs. By the 
analysis of the maximally entangled state |$^), the Bell 
inequalities have been violated by more than 29 stan- 
dard deviations. Via long term measurements, we have 
achieved excellent control on the quantum state coher- 
ence for more than 24 hours, emphasizing the relevance 
of our approach. We believe that such a scheme could 
play a key role in future quantum networks, where nar- 
rowband polarization entangled telecom photons are used 
for distributing entanglement, while coherent frequency 
converters are employed for final wavelength matching 
with the desired quantum memories 0, [13 ■ 
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